Abstract-In the common model for spectrum sharing, cognitive users can access the spectrum as long as the target performance in the legitimate primary system is not violated. In this paper, we consider a downlink primary multiple-input single-output (MISO) system, which operates under a controlled interference from the downlink MISO cognitive radio, which is also called a secondary system. We derive exact expressions for outage probability of the primary user under Rayleigh fading, when the primary system is exposed to interference from a secondary base station (BS). We treat three different operating modes for the primary BS, namely, space-time coding, antenna selection, and beamforming, each of them with different channel information requirements. We first consider the case in which the primary BS uses a fixed rate, and we analyze the outage probability. In a high-signal-to-noiseratio (SNR) scenario, we derive closed-form asymptotic formulas for the outage probability. Furthermore, the optimum transmit power in the secondary system is investigated for maximizing the ergodic capacity when there is an outage constraint at the primary system, and simple solutions are proposed. We then consider the case with rate adaptation at the primary BS and introduce a suitable rate margin and a consistent requirement for primary throughput, for which we determine the outage probability. To be able to accommodate the secondary network, a rate margin is assumed at the primary link. We calculate the exact outage probabilities and average throughput of the adaptive-rate transmit-beamforming primary system, as well as the adaptive-rate transmit antenna-selection primary system. The analytical results are confirmed by simulations, in which we analyze the impact of different parameters, such as the number of antennas and the amount of the interference on the system performance.
I. INTRODUCTION
C OGNITIVE radio is a promising method to solve the spectrum scarcity problem [1] , [2] . Certain radio resources could be employed by cognitive radio networks, i.e., the secondary system, provided that it does not cause an adverse interference to the primary system, a.k.a., spectrum owner or licensee. In this paper, we focus on concurrent cognitive radio P. Popovski is with the Department of Electronic Systems, Aalborg University, 9220 Aalborg, Denmark (e-mail: petarp@es.aau.dk).
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Digital Object Identifier 10.1109/TVT.2014.2345588 networks (or common spectrum usage model [3] ), in which secondary users are allowed to use the spectrum even when the primary system is active, provided that the amount of interference to the primary receiver is kept below a particular threshold. As elaborated in [2] , there are two types of interference in this type of system: from the primary to the secondary users and vice versa. Peaceful coexistence of secondary users with primary users requires that the secondary interference at a primary receiver is below a certain threshold [2] . The key element that allows cognitive (secondary) operation for the common spectrum usage model is the operational margin in the primary system. For example, a time margin implies that the primary system leaves some time intervals unused, such that the secondary user can transmit in those intervals. Specifically, in this paper, we consider an outage margin and a rate margin. If the primary operates with an outage margin, then its maximal allowed outage probability is higher than the best possible outage probability that can be achieved for the primary link in the absence of any secondary interference. Similarly, the primary link applies a rate margin if the transmission rate is discounted relative to the best rate that is achievable in the absence of secondary interference.
Various works [4] - [8] have discussed achievable rates in cognitive radio from the viewpoint of information theory. The seminal work [5] on the achievable rate of a single cognitive radio user set the constraint of zero interference to the primary user, while the primary system is oblivious to the presence of cognitive radios. In [6] and [9] , the achievable rate region for cognitive Gaussian multiple-access channels has been characterized. In [8] and [10] , opportunistic interference cancelation is used in a multiuser uplink cognitive radio system with singleantenna nodes in the presence of a single primary link. The performance of a cognitive radio multiple-input-multiple-output system under instantaneous interference power constraint at the primary receiver is studied in [11] . The outage and ergodic capacity of single-antenna primary and secondary nodes have been studied in [12] and [13] . In [12] , the cumulative distribution function (cdf) of interference (interference temperature) at the primary receiver is defined as outage, and it is assumed that it should be lower than a given threshold. In contrast to our work that is focused on the outage at the primary receiver, Kang et al. in [13] have derived the outage probability at the secondary receiver. Another important problem that has received significant attention is power allocation in cognitive radio networks. For instance, in [14] , Hoang et al. proposed mixed distributed-centralized power control for multiuser cognitive radio to maximize the total throughput while maintaining a required signal-to-interference-plus-noise ratio (SINR) for primary users. In [15] , an energy-constrained cognitive radio network is considered, where each node has a limited energy. Given the data rate requirement and the maximal power limit, a constrained optimization problem is formulated in [15] to minimize the energy consumption, while avoiding interference to the existing users. A power control scheme for the maximum sum-rate of a fading multiple-access network is proposed in [16] under instantaneous interference power constraint at the primary network. Finally, [17] assumes perfect channel state information (CSI) of the fading channels from the secondary transmitter to the secondary and primary receivers and derives the optimal power allocation strategies to achieve the ergodic/outage capacities of a single secondary user.
This paper investigates the problem of power control in a multiple-input single-output (MISO) cognitive radio network in which the secondary user coexists with an outage-restricted single-cell MISO primary system. Note that [18] and [19] studied the same scenario when the instantaneous interference power at the primary receiver should be less than a threshold. The preliminary results of our approach have been presented in [20] . In that work, we have considered a fixed-rate primary system that operates with an outage margin, where we have derived a closed-form expression of the outage probability and analyzed its behavior as the signal-to-noise ratio (SNR) asymptotically grows. The primary MISO system from [20] does not have instantaneous CSI. This paper contains at least two significant contributions with respect to [20] . First, still assuming fixed rate and outage margin, we consider the availability of full and partial CSI at the primary transmitter, such that it can operate with beamforming and antenna selection, respectively. Second, we introduce the concept of rate margin at the primary system and consider the case of a primary system with beamforming and rate adaptation; however, due to the unpredictable secondary interference, the primary system needs to operate with a certain rate margin. Note that a similar concept has been introduced in [21] named "rate loss," and Kang et al. have studied its effect on the secondary network. However, in this paper, we study the impact of rate margin on the primary system.
Our main contributions can be summarized as follows. For the case in which the primary base station (BS) uses a fixed transmission rate, we derive a closed-form expression for the outage probability of an MISO primary system in the presence of interference from the multiple-antenna secondary transmitter over Rayleigh fading channels. The simplicity of the expression allows optimization of the system performance. The analysis of the asymptotic behavior of the outage probability reveals that in a primary system with M p transmit antennas, full spatial diversity is still achievable in the presence of interference from the space-time-coded secondary user. We analyzed three cases of space-time-coded primary BS, beamformed primary BS, and antenna selection primary BS. We formulate the problem of maximizing the secondary downlink ergodic capacity for an outage-restricted primary system under the the assumption of no instantaneous CSI knowledge at the secondary transmitter. We propose simple power control schemes to maximize the secondary downlink capacity, given the outage probability constraint at the primary receiver under different transmit CSI assumptions at the primary BS. We then treat the case of adaptive rate in a beamformed primary system, where a secondary network can be accommodated by choosing an appropriate rate margin. We derive a closed-form expression for the outage probability of the primary user under the interference from the multiple-antenna secondary system. Moreover, the average throughput of the adaptive-rate primary user is derived.
The remainder of this paper is organized as follows: Section II describes the system model and protocol. The closedform expressions for the outage probability of the space-timecoded MISO primary link are presented in Section III, which are utilized for optimizing the system. Then, the problem of maximization of the secondary capacity through power control of the secondary device and under interference constraints at the primary system is studied. Section IV presents the contents of Section III for the case of antenna-selection primary in which CSI is available at the primary BS. The performance analysis of an adaptive-rate primary system is studied in Section IV, when CSI is available at the primary BS. In Section V, the overall system performance is presented for different numbers of antennas and channel conditions, and the correctness of the analytical formulas is confirmed by simulation results. Conclusions are presented in Section VI.
II. SYSTEM MODEL AND PROTOCOL DESCRIPTION
We consider a cellular-based primary network coexisting with a secondary network, both of them operating in downlink mode. Fig. 1 shows the system model considered in this work. In this model, a primary BS is communicating with the primary mobile station (MS), and there is an infrastructure-based secondary network. Based on the spectrum-sharing paradigm, the secondary BS is allowed to transmit to the secondary MS using primary frequencies while the service quality in the primary network is still guaranteed. The secondary transmitter (secondary BS) has M s transmit antennas. Similarly, the primary transmitter (primary BS) has M p transmit antennas. All the receiving MSs are equipped with a single antenna. Note that our results can be also applied in the context of femtocell networks. In the latter setting, we replace the secondary networks by a femtocell network that coexists with the primary macrocell system.
As can be seen from [22, Eq. (6.29) ], the boundary on the sum-rate capacity of the downlink Gaussian network has interuser interference terms, and thus, its optimization is not straightforward. To avoid interuser interference, here, we assume orthogonal multiple access, such as time-division multiple access or orthogonal frequency-division multiple access, is used for primary/secondary systems. Therefore, by orthogonal (in the time, frequency, code, or signal domain) resource slots inside each cell, intracell interferences do not exist in primary and secondary networks, and thus, the system is equivalent to a single-user primary/secondary networks.
It Throughout this paper, we assume that all channels are modeled as independent Rayleigh fading, and the primary and secondary receivers have additive white Gaussian noise with variance N p and N s , respectively. The total average power of the primary BS is P 0 , and the average power of each antenna of the secondary BS is assumed to be P s .
In the presence of interference from the secondary network, the received signal at the primary MS can be represented as
where x p,n is the signal sent by the nth antenna of the primary BS, normalized as
is the interference channel coefficient between the mth antenna of the secondary BS and the primary MS; and v p is the Gaussian noise at the primary MS with variance N p . Moreover, we assume that the signal transmitted from the mth antenna of the secondary BS is
Note that the choice of the coefficients α n , = 1, . . . , M p , depends on the type of the transmission scheme. In the following section, we consider three transmission schemes, i.e., space-time coding, antenna selection, and beamforming.
The secondary BS sends the signals simultaneously from all the antennas on the same resource (frequency and time). Thus, the received signal at the secondary MS is given as
where v s is the Gaussian noise at the secondary MS with variance N s . Since here we assume that the instantaneous CSI is not available at the secondary transmitter, the optimal downlink capacity could be achieved by using full-rate space-time codes [22] .
III. FIXED-RATE TRANSMISSION WITH OUTAGE MARGIN AT THE PRIMARY SYSTEM
The primary BS uses a fixed transmission rate of R p in the downlink. The minimum SNR to support the rate R p is denoted by γ th = 2 R p − 1, and outage occurs if the instantaneous achievable rate is lower than R p . Let the maximal allowed outage probability be ρ mar . If a primary MS has an outage probability of ρ out < ρ mar , then the primary receiver has an outage margin and can tolerate additional interference from the secondary without violating its target operation regime.
A. Permissible Power Allocation With Unknown CSI at Transmitters
Here, we investigate the power levels that can be applied by the secondary BS, such that the space-time-coded primary system operates below a certain outage threshold. Moreover, we assume that instantaneous CSI is not available at the primary and secondary transmitters.
Since the CSI is not known at the transmitters, we adopt space-time coding as a feasible transmit diversity technique to be employed at the primary BS deployed with multiple antennas. In the following, we derive the outage probability for the space-time-coded MISO primary system when there is an outage margin at the primary receiver. Then, the results are utilized to find the permissible transmit power for the secondary system.
1) Outage Probability at the Primary Receiver:
We now consider the case that full-diversity space-time codes, such as GABBA codes [23] - [31] , are used at the primary BS, and we calculate a closed-form expression for the outage probability of the primary system in the presence of interference from a multiple-antenna secondary BS. As previously stated, the interference from the secondary BS should be kept below a threshold to coexist with the primary system. Thus, the secondary BS chooses a transmit power of P s such that the outage performance for the primary system is not violated.
In a typical space-time code, power is equally distributed among the transmit antennas. Thus, for this case, the expressions in (1) and (2) can be modified by setting
In addition, after space-time processing at the primary user receiver, the equivalent single-input single-output (SISO) model of (1) becomes
Considering normalized bandwidth, from (3), the achievable instantaneous rate of the primary user is
We derive the outage probability ρ out Δ = Pr{r p < R p } of the primary MS as the probability that the transmit rate R p is larger than the supported rate r p in (4). This probability, expressed as cdf, depends on the transmission parameters and the channel conditions in both the primary and the secondary system. Thus, from (4), the outage probability at the primary receiver is written as 
Proof: The proof is given in Appendix A. To guarantee that the interference from the secondary system does not reduce the quality of the primary MS, the outage probability at the primary receiver should be lower than a threshold. From Proposition 1 and by defining
. . , M s , the outage probability in (5) can be written as
where σ
To compare the derived outage probability with the outage probability in the absence of interference, i.e., ρ 0 , we have
where γ inc (x, k) is an incomplete gamma function of order k [32] . Corollary 1: In the MISO primary link with space-time coding, the minimum outage margin requirement for the primary receiver that allows a cognitive system to operate is given in (8), i.e., ρ mar > ρ 0 .
Furthermore, from (7) and (8), the target outage probability at the primary receiver can be expressed in terms of ρ 0 as
where
/N p is the average interference power received from the secondary BS, and γ −1 inc (·, k) denotes the inverse function of γ inc (·, k), which, for example, could be found by the built-in function "gammaincinv(x, k)" in MATLAB.
Proposition 2: In a high-SNR p scenario, for the space-timecoded primary system over Rayleigh fading channels, the outage probability of the primary receiver in the presence of a space-time-coded secondary system can be stated as ρ
/N p is the received SNR of the primary link.
Proof: The proof is given in Appendix B. 2) Power Control at the Secondary System: If we assume that instantaneous channels are unknown at the secondary transmitter, ergodic capacity can be used as an objective function for our power allocation scheme, which is independent of the instantaneous channel variations. For the ergodic capacity of the secondary system, given as C s = E{C s }, where E{·} denotes the expectation operation, from (2), we have
where P s is the transmit power per antenna, and N s,I = N s when the primary signal is decoded and removed at the secondary user, and
if the primary signal is treated as noise at the secondary receiver.
Since |h m | 2 are independent and identically distributed random variables, a closed-form lower bound for the expression in (10) is given by [33, Prop. 1], i.e.,
where κ ≈ 0.577 is Euler's constant; σ Now, using (7) and (11), we formulate the problem of power control in a cognitive MISO system (or downlink cognitive network). Therefore, the power allocation problem, which has a constraint on the outage probability at the primary receiver node (MS), can be formulated as
where ρ ST out is defined in (7). Since both the objective function in (12) and ρ ST out are increasing functions of the power coefficient P s for P s ≥ 0, to find the optimal value of the problem in (12) , the first constraint is turned into the equality. Thus, the single positive root of the increasing function ρ ST out (P s ) − ρ mar = 0 should be calculated. Hence, for a given initial value, P * s can be calculated using the following recursive equation:
and P
(t)
s is the updated version of the power coefficient in the tth iteration. For the case of a single-antenna primary BS, the closed-form solution is obtained in the following proposition.
Proposition 3: The optimum transmit power P * s from each secondary BS antenna for maximizing the secondary capacity given an outage probability requirement ρ mar at the primary MS, when M p = 1, can be expressed as
Proof: The proof follows from (13) and (14).
B. Permissible Power Allocation With Known CSI at the Primary BS
Here, we investigate the permissible power level of the secondary system such that the primary system operates below a certain outage threshold when partial CSI or full CSI is available at the primary BS. By partial CSI, we mean that only the magnitudes of the channel gains g p are available at the primary transmitter, and channels are independent. It is shown in [34] that the diversity benefit through antenna selection, which only needs the channel magnitude, is the same as that with transmit beamforming that requires full CSI at the transmitter.
1) Partial CSI at the Primary BS-Antenna Selection:
The beamforming techniques that depend on the estimation of channel phase parameters, such as angle-of-arrival, could only be useful if the line-of-sight component dominates [35] , which is not the case in pure Rayleigh fading channels. Therefore, here, we focus on the antenna selection technique to get transmit diversity at the primary system. By defining
where | · | is the absolute value operation, the expressions in (1) and (2) can be modified by setting α r = 1, α j = 0, j = r. We derive the outage probability at the primary MS and analyze the permissible power levels at the secondary BS.
Similar to the previous section, here, we assume the fixed transmit rate R p at the primary system. From (1), the outage probability at the primary user can be represented as
where r is defined in (16) . 
can be calculated as
Proof: The proof is given in Appendix C. To guarantee that the interference from the secondary system does not reduce the quality of the primary MS, the outage probability at the primary receiver should be less than its outage margin requirement. From Proposition 1 and by defining
. . , M s , the outage probability in (17) can be written as Proposition 5: In high-SNR scenario for the primary link with the antenna selection transmitter, the outage probability of the system in the presence of a multiple-antenna secondary system can be written as
The proof is given in Appendix D.
As stated in the previous section, the performance metric for network optimization is the ergodic capacity or, more precisely, its lower bound expression. From (2), we have
where N s,I = N s when the primary signal is decoded and removed at the secondary user, and N s,I = N s + P 0 |g r | 2 if the primary signal is treated as noise at the secondary receiver.
Similar to (11), a closed-form tight lower bound for the ergodic capacity of the secondary system is given by
where N AS = N s when the primary signal is decoded at the secondary user, and N AS = N s + P 0 σ 2 g if the primary signal is treated as noise at the secondary receiver. Now, using (20) and (23), we formulate the problem of power control in the cognitive MISO downlink system. Therefore, the power allocation problem, which has a constraint on the outage probability at the primary receiver, can be formulated as
The objective function in (24) is an increasing function of the power coefficient P s . Thus, for simplicity, we modify the objective function as P s . Considering the first constraint in (24), we define
where f (P s ) ≤ 0. Then, using the second constraint in (24), the constraint set becomes
It can be shown that for P s ≥ 0, the first derivative of f (P s ) is positive, and thus, f (P s ) is an increasing function of P s . Hence, to find the optimal value of the problem in (24) , the first constraint is turned into the equality. Thus, the single positive root of the increasing function f (P s ) = 0 should be found. For this purpose, for some initial value of P s , the following iterative equation can be used:
(t)
s is the updated version of the power coefficient in the tth iteration.
Proposition 6: In the MISO primary link with transmit antenna selection, the minimum outage margin requirement for the primary receiver, which allows the cognitive system to operate, is given by
Proof: From (25), and by the fact that f (P s ) is an increasing function of P s , we put P s = 0 to obtain (28) .
To compare the derived outage probability with the outage probability in the absence of interference, ρ 0 in (28) can be rewritten as
M p , and thus, we have
Then, combining (20) and (29) , the target outage probability at the primary receiver can be expressed in terms of ρ 0 as
/N p is the total average interference to noise power received from the secondary BS deployed with full-rate full-diversity space-time codes.
2) Full CSI at the Primary BS-Transmit Beamforming: Note that the constant 1/M p in the SINR term in (5) is due to the fact that transmit array gain is not achievable by using space-time codes. Transmit array gain requires channel knowledge in the transmitter and is achieved by multiplying the transmit signal with the beamforming vector g * p / g p [36] . In this case, from (1), the received signal at the primary MS can be written as
Thus, if CSI is available at the primary transmitter and an optimal beamforming technique is employed, the outage probability in (5) can be modified by simply multiplying the SINR term with M p . Hence, the analysis in Section III is also valid for the case of beamforming by simply scaling up a constant as stated in a paragraph after (5) . Thus, the outage probability in (7) can be modified as
Similarly, the optimal transmit power at the secondary system can be calculated using (13) and (14) by replacing P 0 with M p P 0 .
IV. ADAPTIVE-RATE TRANSMISSION WITH RATE MARGIN AND KNOWN CHANNEL-STATE INFORMATION AT THE PRIMARY BASE STATION
So far, we have assumed that the primary system uses a fixed transmit rate of R p . If the primary transmitter knows the instantaneous SNR of its primary links, which is equivalent to the knowledge of channel gains |g p,n |, n = 1, . . . , M p , the rate can be adjusted to achieve the maximum capacity. In the cases of transmit beamforming and antenna selection discussed in the previous section, such knowledge is available at the primary BS and can be used for the adaptive-rate transmission.
A. Transmit Beamforming Primary BS
Assuming transmit beamforming employed at the primary system, in the case of interference-free environment, the rate
2 ) is chosen at the primary BS. Note that in contrast to transmit beamforming described in Section IV-A, which was only used to improve the received power of the useful signal, here, the transmission rate is adapted to its maximum possible value. To allow the secondary to operate, which introduces some interference that is not directly predictable, we should put a margin for the selected rate to have an outage probability of ρ mar . Note that, if the rate in the ith scheduling epoch is selected to be R p (i), then the average throughput is τ = (1 − ρ mar ) i R p (i). This gives the idea that the primary could have a requirement on the target throughput. Then, the question is how to dynamically set the requirements on the outage probability ρ mar and the selection of R p to attain that throughput. Thus, the constrained optimization problem is formulated as follows.
Let us define R mar as the rate margin to accommodate secondary transmission. Thus, the primary BS decides to allocate the following data rate
Assuming an adaptive primary rate, the outage probability at the primary receiver is given by
The closed-form solution for the outage probability in (34) is presented in the following proposition.
Proposition 7:
For an adaptive-rate MISO primary system with known full CSI at the transmitter, the outage probability in the presence of interference from a multiple-antenna secondary system can be written as
The optimal rate margin in the primary link is calculated by R mar = Υ −1 (ρ mar ) for a given outage probability of ρ mar , where Υ −1 (·) is an inverse of the function given in (35) . Proof: The proof is given in Appendix E. As can be seen from Proposition 7, the rate margin R mar is not dependent on the instantaneous knowledge of channels and can be easily estimated at the primary BS.
For adaptive-rate transmission, when transmit CSI is known at the primary system, the throughput can be written by τ = R p (1 − ρ AR out ), where R p and ρ out are given in (33) and (35), respectively. Moreover, the average throughput can be found as (36) where
The
has gamma distribution, and its probability density function (pdf) is represented as
. Then, using [32, Eq. (4.337)], the closed-form solution for E{R p } is obtained as follows:
From the secondary network point of view, we assume that the rate margin R mar should be known to calculate the power control coefficients. If we assume an optimization problem similar to (12), the optimal power coefficients are only dependent on the statistics of the links, and thus, the signaling overhead is similar to the fixed-rate primary transmission studied in previous sections. This is because of the fact that, from Proposition 7, R mar is only dependent on the statistical CSI of links toward the primary MS.
B. Antenna Selection Primary BS
In the case of antenna selection discussed in the previous section, for the interference-free environment, we should choose the rate R AS p ≤ log 2 (1 + (P 0 |g p,r | 2 /N p )), where r is the index of the selected antenna at the primary BS as stated in (16) .
To accommodate the secondary transmission, the rate margin R AS mar is used as the tolerance of the interference at the primary MS. Thus, the primary BS decides to allocate the following data rate:
where SNR AS = P 0 |g p,r | 2 /N p . Assuming an adaptive primary rate, the outage probability at the primary receiver is given by
The closed-form solution for the outage probability in (40) is presented in the following proposition. Proposition 8: For a MISO primary system with an antenna selection transmitter and adaptive rate, the outage probability in the presence of interference from a space-time-coded secondary system can be written as
The optimal rate margin in the primary link is calculated by R AS mar = Υ −1 (ρ AS mar ) for a given outage probability of ρ AS mar , where Θ −1 (·) is an inverse of the function given in (35) . Proof: The proof is given in Appendix F. The average throughput can be found as
The pdf of
can be derived by differentiating its cdf in (59) as
Then, using [32, Eq. (4.337)], the closed-form solution for E{R p } is obtained as follows:
−∞ e t /t dt is an exponential integral that, for example, could be computed by the built-in function "expint(x)" in MATLAB.
From the secondary network point of view, we assume that the rate margin R AS mar should be known to calculate the power control coefficients. If we assume an optimization problem similar to (24) , the optimal power coefficients are only dependent on the statistics of the links, and thus, the signaling overhead is similar to the fixed-rate primary transmission studied in previous sections. This is because of the fact that, from Proposition 8, R AS mar is only dependent on the statistical CSI of links toward the primary MS.
V. NUMERICAL ANALYSIS
Here, we provide numerical results, calculated by assuming channels that are independent Rayleigh distributed with normalized variance.
In Fig. 2 , the outage probability experienced in the primary receiver as a function of the ratio between the average received SNR at the primary receiver from the primary transmitter, i.e., SNR p = P 0 σ 2 g p /N p , and the average received SINR at the primary receiver from the secondary transmitter, i.e.,
In addition, the primary BS uses the space-time-coded transmission and the fixed transmission rate of R p = 1 bits/s/Hz. From Corollary 1, it can be seen that when the power ratio goes to infinity, the outage probability is converging to the outage probability of the primary system without cognitive radio, i.e., ρ 0 in (8) . The curves are shown for a fixed primary transmit power of SNR p = 10 dB, and different BS antenna number of M p = 1, 2 and M s = 2, 4. For a fixed amount of interference from the secondary BS, larger number M p of primary antennas reduces the outage probability at the primary node. However, it is shown that the number M s of secondary BS antennas has almost no impact on the primary outage probability. In other words, it is shown that by changing the number of the secondary antennas from M s = 2 to M s = 4, the outage probability does not vary much for all cases shown in Fig. 2 . This result can be justified by the fact that interference emitted from the secondary antennas is treated as noise at the primary receiver, and the received interference power from the secondary transmitter has been fixed. Another interesting observation in Fig. 2 is that the outage margin could be more sensitive when M p increases, i.e., the difference between the target outage probability ρ mar and ρ 0 (no interference) is higher for a larger M p . Furthermore, the outage probability formula obtained in (7) is confirmed by simulations. Fig. 3 confirms that the analytical expressions in Section III-A about the average outage probability are aligned with the simulation results. We consider a cognitive network with M s = 2 and the primary links with M p = 2, 4 and R p = 1 bits/s/Hz. One observes that the closed-form analytical results based on (7) are similar to the the simulated results. Furthermore, we have sketched the asymptotic outage probability derived in Proposition 2. It can be seen that the asymptotic expression well approximates the simulations in high-SNR conditions. In addition, one can observe that Fig. 3 shows that for obtaining an outage probability of 10 −5 at the primary MS, around 4 dB more power is required when SNR sp = 0 dB and M p = 4, compared with the interferencefree case. Moreover, from observing the behavior of curves in high-SNR conditions, it can be observed that full spatial diversity is achievable in the presence of the secondary interference in expense of less coding gain.
In Fig. 4 , we compare the performance of the antenna selection primary system discussed in Section IV with the space-time-coded primary system. It is shown that using transmit CSI knowledge at the primary system can bring us more than 2-dB SNR gain in medium-and high-SNR conditions in a network with M s = 2, M p = 4, and R p = 1 bits/s/Hz. Furthermore, the analytical expressions in Section IV-A for finding the average outage probability have been confirmed. In addition, one can observe in Fig. 4 that for obtaining an outage probability of 10 −5 at the primary MS, around 3.5 dB more power is required when SNR sp = 0 dB, compared with the interference-free case. Moreover, from observing the behavior of curves in high-SNR conditions, it can be observed that full spatial diversity is achievable in the presence of the secondary interference in expense of less coding gain, which confirms the result stated in Corollary 3. Fig. 5 compares the target outage probability at the primary user in the presence of the secondary transmission versus the outage probability in the absence of the secondary system, i.e., ρ 0 , for different values of the average interference SNR at the primary receiver, i.e., SNR sp = −10 dB, 0 dB, and different number of primary BS antenna M p = 1, 4 and secondary BS antenna M s = 2, 10. In addition, the primary BS uses the space-time-coded transmission and the fixed transmission rate of R p = 1 bits/s/Hz. It can be seen that as interference parameter SNR sp or the number of primary BS antenna M p go down, the outage probability gets closer to ρ 0 . Moreover, it is also observable that the relationship between ρ mar and ρ 0 is not sensitive to the number of secondary BS antennas M s , particularly for lower interference power from secondary nodes. 6 demonstrates the ergodic capacity of the secondary system for different primary outage targets ρ mar = 0.01, 0.1, the fixed transmission rate of R p = 1 bits/s/Hz, and different number antennas for the space-time-coded primary BS, i.e., M p = 1, 4, and secondary BS antenna M s = 2, 10. It is also assumed that the interference from the primary BS is strong, and thus, it can be canceled at the secondary receiver by using successive interference cancelation. For calculating the achievable capacity, the maximum allowable power is found using the results given in Section III-B. We have also assumed that the distance of the secondary BS to the primary MS is two times its distance to the secondary MS, i.e., σ 2 h /σ 2 h p = 8 when the path-loss exponent is equal to 3. It can be seen that when the SNR of the primary system is low, the secondary system should be turned off. For example, the threshold SNR p for the operating point of the secondary system is around 10 dB when ρ mar = 10 −2 , M p = 4, and R p = 1 bits/s/Hz. Furthermore, in Fig. 6 , it can be observed that for higher target outage ρ mar and primary BS antenna M p , the secondary capacity is increased. In this numerical example, we have also observed that when the outage probability ρ mar = 10 −2 is required at the primary receiver, SNR p = 25 dB, and M s = 2 or 10, by increasing M p from 1 to 4 antenna, the capacity of the secondary system is increased close to 2 bits/s/Hz. Finally, we observe that the ergodic capacity of the secondary system is not very sensitive to the number of the secondary BS antennas M s . When ρ mar = 10 −1 , M s = 10 leads to a slightly higher secondary rate gain than a network with M s = 2.
In Fig. 7 , we compare the ergodic capacity of the secondary system for different primary systems, i.e., the antenna selection strategy with partial CSI and the space-time-coded transmission with unknown CSI. We assume the outage targets of ρ mar = 0.01, 0.1, the fixed transmission rate of R p = 1 bits/s/Hz, and the primary BS with M p = 4 and the secondary BS with M s = 10. We have also assumed that the distance of the secondary BS to the primary MS is two times its distance to the secondary MS, i.e., σ 2 h /σ 2 h p = 8, when the path-loss exponent is equal to 3. It can be seen that a higher secondary rate gain is achievable in a system with the antenna-selection primary BS compared with the space-time-coded primary BS. For example, in SNR p = 20 dB, around 1 bits/s/Hz more spectral efficiency gain can be achieved in the secondary system with antenna-selection primary BS for both the ρ mar = 0.01 and 0.1 cases. Fig. 8 shows the effects of the primary outage margin on the performance of the secondary system. In Fig. 8 , we compare the ergodic capacity of the secondary system for different outage margin at the primary system with the space-time-coded transmission and unknown CSI. We assume the fixed transmission rate of R p = 1 bits/s/Hz, and the primary BS with M p = 1 and the secondary BS with M s = 1, 2, 10. It can be seen that, as the outage margin ρ mar increases from its minimum value, i.e., ρ 0 , Fig. 8 . Ergodic capacity of the secondary system as a function of the outage margin at the primary receiver in a network with different number of secondary BS antennas, Mp = 1, and the primary rate Rp = 1 bits/s/Hz. Fig. 9 . Outage probability curves in the rate-adaptive beamforming primary system as a function of the rate margin Rmar in a network with different primary/secondary SNR and antenna numbers.
we can achieve a higher secondary capacity. In particular, when the outage margin is getting close to the extreme values of ρ 0 and 1, we have steep increases in the secondary capacity curves.
Figs. 9 and 10 demonstrate the outage probabilities of the rate-adaptive beamforming and rate-adaptive antenna-selection primary systems, respectively, studied in Section V, versus the rate margin required to accommodate the secondary network. We have compared outage probability curves for different values of SNR p = 10, 20 dB, SNR sp = −10, 0 dB, M p = 1, 4, and M s = 1, 2. In Figs. 9 and 10, one can observe that the parameter R mar should be selected in the range of 0-4 for the typical system characteristics. Furthermore, it can be seen that R mar is more sensitive to the interference emitted from the secondary system, i.e., SNR sp , compared with other parameters such as SNR p and antenna numbers of M p and M s .
Finally, Fig. 11 compares the throughput of the primary systems as a function of the average transmit SNR of the primary system in a network with a fixed interference of Fig. 10 . Outage probability curves in the rate-adaptive antenna selection primary system as a function of the rate margin Rmar in a network with different primary/secondary SNR and antenna numbers. SNR sp = −10 dB, antenna numbers of M p = 4 and M s = 2, and the outage target of ρ mar = 10 −2 . As expected, the rateadaptive transmissions that are studied in Section V have larger throughputs than the space-time-coded system. Moreover, it can be observed that in medium-and high-SNR conditions, using beamformed rate adaptation, around 1.6-and 2.6-bits/s/Hz gains in spectral efficiency are achievable, compared with the fixed-rate beamforming and antenna-selection primary systems, respectively.
VI. CONCLUSION
In this paper, we have considered the concurrent downlink cognitive radio network with multiple-antenna transmitters. The outage probability at the primary receiver and the permissible power level in the secondary system are investigated for three cases of space-time-coded primary BS, transmit beamformed primary BS, and antenna-selection primary BS. In particular, we have derived simple closed-form expressions for the outage probability at the primary system when there is interference from a cognitive multiple-antenna system. Furthermore, by analyzing the system performance in a high-SNR regime, it is shown that full spatial diversity is achievable in the primary system under Rayleigh fading and in the presence of the transmission from the secondary system. We formulated the problem of finding the maximum transmit power at the multiple-antenna secondary system when there is an outage probability target at the primary receiver. Furthermore, we have proposed an adaptive-rate antenna-selection primary system to increase the throughput. To be able to accommodate the secondary network, a rate margin was assumed at the primary link. We calculated the exact outage probability and average throughput of the adaptive-rate transmit beamforming primary system. We have shown in the simulations results that the spectral efficiency of both the primary and secondary networks is improved by using adaptive-rate transmission at the primary BS. Simulations were in accordance with analytic results. Furthermore, numerical results showed that the performance of the system is not much sensitive to the number of secondary antenna M s , whereas the number of primary transmit antenna M p could have a severe impact on the system performance. For instance, it was also shown that when SNR p = 25 dB and ρ mar = 10 −2 , the spectral efficiency of the cognitive radio network can be increased up to 2 bits/s/Hz if four transmit antennas are deployed at the primary link compared with the single-antenna case. An interesting extension of the presented work is the power control strategy in the primary system, i.e., some waterfilling in time, in addition to the rate adaptation. With such a strategy, the primary can still operate with certain outage, but the average rate should be improved. 
Using Taylor series for expansion of (1 + y) n , the closed-form solution for the integral in (46) is obtained as (6) . 1, we have
By marginalizing over the random variable Y and using (47), the cdf of SINR ST = X/(1 + Y ) in (46) can be rewritten as
Pr {X < γ(1 + y)} p y (y)dy
where in the third equality, the binomial series expansion of (1 + y) n is used, and the closed-form solution for the integral is obtained. Then, by the fact that σ 
where in the third equality, we used binomial series expansion. Thus, the closed-form solution for the integral in (49) is obtained as (19) .
APPENDIX D PROOF OF PROPOSITION 5
We define Y = 
